In this report, we give the concentration and sulfur isotope composition of iron monosulfide and pyrite in samples recovered during Integrated Ocean Drilling Program Expedition 316 to the Nankai Trough, Japan. We studied the impact of complex tectonic activity in this depositional system on the precipitation and occurrence of iron sulfide minerals and their isotopic composition by analyzing samples from sediment cores taken at the megasplay fault and frontal thrust.
S can be exchanged with seawater, tend to be associated with relatively low pyrite concentrations. Strong enrichments in 34 S in pyrite tend to be associated with high pyrite content. With one exception, boundaries between sedimentary units are associated with low pyrite content and strongly negative sulfur isotope composition. This could indicate that these boundaries may have acted as conduits for sulfate exchange between pore water and seawater for most of the time since the deposition of the sediment, preventing establishment of closed-system conditions. In contrast, within undisturbed sediment packages closed-system conditions promoted a high degree of sulfate consumption and concomitant incorporation of sulfide enriched in 34 S into the pyrite fraction. In some cases, sulfate drawdown was quantitative, leading to terminal degradation of organic matter by methanogenesis and to the installation of sulfate-methane transitions. Where such transitions persisted over a substantial period of time, pyrite strongly enriched in 34 S could accumulate. Iron monosulfide concentrations are generally low (median = 1.5 ppm, average = 44.8 ppm, and maximum = 1952.7 ppm; n = 195). Slightly elevated concentrations appear to be tied to specific sediment units, suggesting that their inventory of reactive iron species allows for an ongoing interplay with the sulfur cycle and thus sustaining the presence of these mineral phases.
Introduction
As part of the multiphase-multiyear Nankai Trough Seismogenic Zone Experiment (NanTroSEIZE), the main goal of Integrated Ocean Drilling Program (IODP) Expedition 316, using the D/V Chikyu, was to investigate and understand the complex nature of tectonic activity in the accretionary prism system off Japan (Tobin and Kinoshita, 2006; Kimura et al., 2008; Strasser et al., 2009) . One target of Expedition 316 was to study the impact of tectonic processes at the megasplay fault and frontal thrust area on the geochemical composition of deeply buried sediment (Screaton et al., 2009) . Deep subsurface fluid flow and changes in depositional settings strongly influence the sulfur inventory in this sedimentary system (e.g., Riedinger et al., 2010) .
Pyrite is often the most abundant iron sulfide in marine sediment (e.g., Goldhaber and Kaplan, 1975; Cornwell and Morse, 1987) . In conjunction with its precursors (i.e., metastable iron sulfides), pyrite and its isotope composition can be used to investigate biogeochemical sulfur cycling in marine sediment (e.g., Goldhaber and Kaplan, 1974; Goldhaber et al., 1977; Howarth, 1979; Howarth and Jørgensen, 1984) .
The abundance of pyrite in surface sediment is mainly controlled by the amount of buried total organic carbon (TOC) and availability of dissolved sulfate that drive microbial sulfate reduction and by the content of reactive iron, a scavenger for the produced sulfide (e.g., Jørgensen, 1977 Jørgensen, , 1982 Goldhaber and Kaplan, 1974; Berner, 1984) . In surface sediment and deeply buried sediment, the interplay between sulfide production and inventory of reactive iron, which not only acts as a sulfide scavenger but can also drive oxidative sulfur cycling, exerts a major control on the formation and alteration of intermediate metastable iron sulfides such as mackinawite and greigite. These mineral phases can be transformed into pyrite by the addition of elemental sulfur (e.g., Goldhaber and Kaplan, 1975; Rickard and Luther, 2007 , and references therein).
Microbial sulfate reduction produces sulfide strongly depleted in 34 S, causing enrichment of remaining sulfate in 34 S ( Thode et al., 1961; Jones and Starkey, 1957; Harrison and Thode, 1958; Kaplan and Rittenberg, 1964; Sim et al., 2011) . Oxidative sulfur cycling (e.g., with reactive iron) can transform 34 S-depleted sulfide into sulfur intermediates, such as elemental sulfur or thiosulfate. The subsequent disproportionation of these sulfur intermediates into 34 S-enriched sulfate and 34 S-depleted sulfide (e.g., Böttcher et al., 2005) can further increase the offset between isotopically heavy sulfate and light sulfide (Canfield and Thamdrup, 1994) . Overall, these processes result in the formation of dissolved sulfide, monosulfides, and pyrite that are depleted in 34 S relative to their sulfate source (e.g., Jørgensen, 1979; Canfield and Teske, 1996; Bottrell et al., 2009) .
Under conditions in which sulfate enriched in 34 S can be rapidly exchanged with seawater sulfate, such as close to the sediment/water interface or in the vicinity of seawater fluid conduits (highly permeable sediment such as sand or gravel layers or discontinuities such as faults), isotopically light sulfides can accumulate. Isotope compositions of sulfides approaching -50‰ relative to +20‰ for seawater sulfate are not uncommon under such circumstances. In sediment where the sulfate concentration decreases because of a diminished resupply with sulfate (i.e., through diffusion), the sulfate pool becomes isotopically heavier with depth (e.g., Goldhaber and Kaplan, 1980) , resulting in the precipitation of iron sulfide minerals that are less depleted in 34 S. At the sulfate-methane transition, where sulfate is almost entirely consumed, iron sulfides are precipitated with the heaviest isotope composition compared to the upper sediment (Borowski et al., 2013) . Under such conditions, the sulfur isotope composition of sulfides can become heavier than the isotope composition of the original sulfur source, which is often seawater sulfate.
Here we investigate the occurrence of iron sulfides in deeply buried sediment at the megasplay fault and the frontal thrust area and the relationship of the complex tectonic environment on the iron sulfide isotope signal. For this purpose, we analyzed samples from cores at the megasplay fault (Sites C0004 and C0008) and the toe of the accretionary prism (Sites C0006 and C0007) for iron sulfide phases and their isotopic signature.
Methods and materials
Samples were taken during Expedition 316 (see the "Expedition 316 methods" chapter [Expedition 316 Scientists, 2009a] ). The shipping and storage temperature for all sediment cores was -20°C, which suppresses rapid oxidation. For determination of acid volatile sulfide (AVS) and chromium reducible sulfur (CRS) species, frozen wet samples (0.5-1 g) were treated with a two-step acid Cr(II) distillation method (Fossing and Jørgensen, 1989) . AVS was extracted cold for ~1 h. This step was followed by Cr(II) extraction at 200°C for ~2 h. The released sulfide was trapped in a 5% w/v Zn acetate solution. After sonication, the trap samples were shaken, and an aliquot of each sample was diluted and analyzed spectrophotometrically by the methylene blue method (Cline, 1969) . The data are reported in dry weight units (Table T1). During the AVS extraction, mainly iron monosulfides, such as mackinawite, and ~66% greigite were extracted. In the Cr(II) reduction step, mainly pyrite, elemental sulfur, and ~33% greigite were extracted (e.g., Cornwell and Morse, 1987 
Results
Iron monosulfide and pyrite concentrations vary strongly at the investigated sites. At Site C0004, iron monosulfide concentrations are close to the detection limit with only a slight increase at ~350 meters below seafloor (mbsf) to a maximum of ~6 ppm (Fig.  F1) . In contrast, pyrite concentration reaches 1.3 wt% (13,000 ppm), with four main accumulation zones at ~30, 100, 140, and 250 mbsf. Pyrite sulfur isotope compositions (δ 34 S-CRS) range from -49‰ to +47‰; the highest enrichment in 34 S occurs in the zone dominated by mass transport (lithostratigraphic Subunit IIA) (Fig. F1) . Low δ 34 S-CRS and pyrite concentrations are observed at the sediment/water interface and appear to coincide with transitions between different sedimentary units.
In the upper two-thirds of Unit II at Site C0006, iron monosulfide concentrations reach values of 550 ppm, whereas values are low for the remaining sediment column (Fig. F2) . Except for a peak at 523 mbsf, pyrite concentrations are highest in the upper 45 mbsf. Three features of the δ 34 S-CRS profile are remarkable. First, the isotope composition of pyrite shifts dramatically in the vicinity of the transition between lithostratigraphic Units I and II from -40‰ to over +20‰, coinciding with a drop in pyrite concentration. Second, δ 34 S-CRS displays a trend to lighter values with depth in Unit II. Third, a strong depletion in
34
S was observed at the Pliocene/Pleistocene boundary followed by a maximum enrichment in 34 S to 30‰ concurrent with a peak in pyrite concentration reaching almost 2 wt%.
In Hole C0007D, iron monosulfide concentrations are only elevated in the upper deposits, with values below 220 ppm followed by a downward decline (Fig. F3) . Unlike iron monosulfide concentrations, pyrite concentrations are highest in the deeper sediment of Unit III, with a maximum value of ~7700 ppm. This pyrite concentration peak is accompanied by a sulfur isotope excursion from strongly negative δ 34 S (less than -48‰) to almost positive values (-1.6‰), succeeded by a return to strongly negative δ 34 S (-39‰) at the boundary with Unit IV. Overall, the sulfur isotope profile of the deeper sediment in Hole C0007D shows a resemblance to the δ 34 S-CRS profile at Site C0006.
Pyrite concentrations at Site C0008 are lowest between ~40 and 160 mbsf. Higher amounts of pyrite occur above and below this zone, with concentrations up to 1.5 wt% (Figs. F4, F5 ). Iron monosulfide concentrations show an inverse trend, with highest values (<650 ppm) in the zone of lowest pyrite concentration. The δ 34 S-CRS composition in Hole C0008C is nearly homogeneous throughout the sediment column, with a mean sulfur isotope composition of -3‰ (±10‰). In only two zones is pyrite slightly more depleted in 34 S (~5 and 95 mbsf) (Fig.  F5) .
Overall, the pattern of high pyrite concentrations coinciding with very low iron monosulfide concentrations and low pyrite concentrations coinciding with elevated monosulfide concentrations suggests that two modes of operation of sedimentary sulfur-iron cycling is present in the sediment from Nankai Trough. In the high pyrite formation mode, local sulfide formation may have temporally exceeded the availability of reactive iron, despite the high amount of detrital input (Screaton et al., 2009) , therefore suppressing intense oxidative-reductive sulfur cycling. In contrast, intervals with low pyrite concentrations concurrent with iron monosulfides point to an iron-dominated sequence where the excess of reactive iron rapidly consumes newly formed free sulfide either by the formation of monosulfides or by oxidation, thus limiting the alteration from iron monosulfide to pyrite. 
